The visible-light-induced photocatalytic performance of a three-dimensional (3D) hybrid composite based on carbon nano-onion (CNO)-functionalized zinc-oxide tetrapods (T-ZnO) was investigated to study the photocatalytic degradation of 2,4-dinitrophenol (DNP). The hybrid CNO-functionalized T-ZnO 3D composite was successfully developed via a facile one-step process. The CNOs, synthesized via a green route from flaxseed oil, were decorated on the surface of T-ZnO via chemical mixing. Such a hybrid composite allows for the complete optimization of the T-ZnO/ CNO interface to enhance visible-light harvesting, contributing to effective visible-light-induced photocatalysis. The enhanced photocatalytic performance of the T-ZnO-CNO 3D composite is attributed to the strong synergistic effects obtained by the unique cumulative intrinsic properties of CNOs and the 3D architecture of T-ZnO, which lead to exceptional charge transfer and separation. A reaction mechanism for the degradation of DNP is proposed based on a bandgap analysis and trapping experiments. Furthermore, the photocatalyst maintains a favorable reusability during consecutive cycling experiments. The ecological assessment of the photocatalytic process was performed via the germination of common gram seeds (Cicer arietinum) and reveals the low toxicity and environmental safety of the synthesized hybrid 3D composite. The observations confirm that the synthesized hybrid 3D composite facilitates wastewater decontamination using photocatalytic technology and highlights the broad implications of designing multifunctional materials for various advanced applications.
Introduction
Ever-increasing global demand and environmentally unfriendly human activities are continuously drawing the attention of the research community towards contaminated water treatments and their long-term sustainability for the future 1 . Wastewater is mostly produced from the emissions of a wide range of organic contaminants, which are widespread in industrial, agricultural, and household applications 2, 3 . The removal of organic pollutants from wastewater is currently a primary challenge to circumvent the world's water crisis, owing to their high resistance to biodegradation 4 . 2,4-Dinitrophenol (DNP) has been known as a priority pollutant because of its mutagenic and carcinogenic nature and bioaccumulation 5 . DNP is widely utilized in the production of diverse industrial products, chemicals, wood preservatives, pesticides, paints, pharmaceuticals, dyes, textiles, and petrochemicals 6 . Superfluous DNP largely exists in industrial effluents, soil, and aquatic environments 5 . The major risks associated with DNP contamination are its high aqueous solubility, bioaccumulation, high toxicity, and mutagenic and genotoxic nature, which endanger the environment and human health 2 . Moreover, DNP can significantly inhibit biological cell growth, even at a concentration of 1 ppm (part per million) 5 . Therefore, the removal of DNP from water bodies is imperative and has been the subject of intense research. The removal of DNP is complex owing to its high stability and resistance to biodegradation in addition to concerns about the generation of toxic intermediates. The current technology for the removal of organic contaminants is dependent on adsorption, and it has limitations such as poor efficiency, time-consuming procedures, and requirements of large investments 7, 8 . However, the ecological assessment of water after the removal of DNP should also be addressed to achieve a supportable ecosystem. Thus, a facile, sustainable, and cost-effective method is required for the effective removal of organic contaminants from water.
Current pursuits for a sustainable resolution to energy and environmental issues have pushed the scientific community towards the development of photocatalysts [9] [10] [11] . Photocatalysis offer advantages such as the utilization of inexhaustible and clean solar energy, high efficiencies, and the negligible generation of hazardous byproducts 12 .
Photocatalysis has a wide range of applications in environment remediation and material science. The desirable characteristics of photocatalysts are their large active surface area, high charge-separation efficiency, visiblelight absorption capacity, and long-term photostability 13 . In this regard, three-dimensionally (3D) structured zinc oxide (ZnO) has been recognized as a remarkable candidate for such applications owing to its advantageous features [14] [15] [16] . The crystalline nature of ZnO as well as its many excellent properties allows for the fast generation of electron-hole pairs when exposed to light 15 . However, ZnO tetrapods (T-ZnO) suffer from low activity in visible light owing to a wide bandgap of~3.3 eV and the ready recombination of charge carriers 17 . In addition, the visible-light harvesting efficiency of ZnO is relatively low, which restricts its practical utilization 17 . Diverse strategies are currently being employed to overcome the aforementioned shortcomings and enhance visible-light-driven photocatalysis efficiency, and the fabrication of composites has aroused substantial interest [18] [19] [20] . However, to date, the overall photocatalytic efficiency of ZnO-based composite materials in the visible-light region remains too low for commercial applicability. Hence, it is exigent to develop a highly efficient visible-light-sensitive ZnO composite for the optimum utilization of visible-light energy.
Numerous studies have suggested that composite materials made of semiconductor nanostructures and nanocarbons are suitable to achieving visible-light-driven photocatalysis and a tunable bandgap structure [21] [22] [23] . Owing to the presence of abundant, free-flowing sp 2 -hybridized π electrons and photoinduced-electron transfer properties, nanocarbons have improved the harvesting of light energy in the visible region and have also enhanced the photocatalytic performance of semiconductor nanostructures 24, 25 . Moreover, the interface between hybrid materials significantly affects the response of the photocatalyst to light 26, 27 . Surface energy traps generated by interfacial defects hinder electron transfer, owing to weak interfacial interactions, and hence increase charge trapping and recombination 25, 26 . Therefore, better interfacial interactions are crucial to improve the response to light. In this context, carbon nano-onions (CNOs) have considerable potential among other nanocarbons, owing to their unique porous onion-like morphology, large accessible external surface area, high electrical conductivity, biocompatibility, and chemical stability 28 . CNOs consist of stacked fullerene shells in a quasispherical arrangement, ordered in the form of concentric graphitic layers 29, 30 . CNOs have attracted much attention in energy storage and conversion, lubricant additives, catalyst supports, and biomedical applications [31] [32] [33] [34] . However, research on the photocatalytic activity and photocatalytic performance of CNOs and their composites remains limited 35, 36 . CNOs provide abundant active sites for photocatalytic reactions owing to the almost perfect graphitic network, high active surface area, absence of inner particle porosity, and high degree of curvature 33 . Moreover, CNOs have considerable potential to act as a trapping center to quench the recombination of electron-hole pairs. In addition, the effects of decorating CNOs on the surface of T-ZnO or at the interphase as well as their influence on bandgap structures have not yet been studied. Furthermore, CNO-sensitized T-ZnO presents distinct advantages such as high stability, enhanced photocatalytic activity, hydrophobicity, a facile synthesis, and low cost, thus, facilitating possible commercialization in real technologies. The decoration of smaller CNOs on the surface of T-ZnO can provide more active sites and accelerate the charge separation response.
A crucial issue associated with nanomaterial-based photocatalysis is the sustainability of the overall process. Current research on photocatalytic water remediation is focused on the development of sustainable materials and the improvement in the degradation efficiency towards targeted pollutants, but it does not include the elimination of possible risk of environmental assessment 37, 38 . Even after the complete degradation of organic pollutants, acute toxicity has been observed owing to the generation of toxic byproducts 4 . Therefore, the determination of the concentration of DNP in treated water may not be sufficient, and an accurate environmental risk assessment is highly desirable to evaluate the overall efficiency of wastewater treatments. The safety of water must be carefully studied before the practical utilization of treated water. In this context, the environmental applicability of treated water has been evaluated through the germination of common gram seeds (Cicer arietinum) before and after the photocatalytic degradation of DNP using a T-ZnO-CNO 3D hybrid composite. Gram plants have emerged as excellent model plants, and they are valuable in assessing environmental risks, with a focus on germination and growth to obtain information on the toxicity of water.
The T-ZnO-CNO hybrid composite was fabricated via a simple one-step process for enhanced photocatalytic activity in the visible-light region. The 3D architecture of T-ZnO facilitates the transport of photogenerated carriers owing to a direct electrical pathway. The decoration of CNOs on T-ZnO enhances visible-light harvesting and increases the number of active surface sites for photocatalysis. The photocatalytic performance of the T-ZnO-CNO 3D hybrid composite was evaluated via the degradation of DNP under visible-light irradiation. The T-ZnO-CNO hybrid composite was used for the effective photocatalytic degradation of DNP, which was assessed using the enhanced seed germination of gram plants along with enhanced shoot length. The efficient photocatalytic degradation is attributed to the effective recombination of the photogenerated charge carriers in the CNOs. Moreover, the presented tetrapod-based composite can be easily recycled owing to its hydrophobic nature. The reactive species involved in the photocatalytic degradation of DNP were investigated via radical trapping experiments, and accordingly, a reasonable photocatalytic mechanism is proposed.
Experimental

Materials
All the purchased chemicals were of analytical grade and used as obtained. DNP was purchased from Sigma Aldrich (Korea) and was adopted as a target contaminant to explore the photocatalytic behavior of the synthesized materials. Tert-butanol (t-BA), disodium ethylenediaminetetraacetate (Na 2-EDTA) and p-benzoquinone (P-BZQ) were purchased from Sigma Aldrich. The water utilized throughout the experimental process was deionized water (DI water) unless stated otherwise. Common gram (Cicer arietinum) seeds were procured from a local market in Korea.
Measurement
The morphology and structure of the synthesized materials were identified using a scanning electron microscope (SEM, JEOL Model: JSM-7500F, Japan) operated at 20 kV and a transmission electron microscope (TEM, FEI Tecnai G2 Model: F30, USA; high-resolution TEM (HRTEM)) operated at 300 kV. Powder X-ray diffraction (XRD) data were collected using a Rigaku RINT-2000, Japan, with Cu K α radiation at a scanning rate of 1°min
. Solid-state Fourier transform infrared (FTIR) spectral analyses were performed using a BRUKER Vector22 IR spectrometer, Germany. The UV-visible spectra were obtained using a Shimadzu UV 2550 spectrophotometer. The optical properties were analyzed using UV-vis diffuse reflectance spectra (DRS) acquired with a PerkinElmer, UK, UV-vis spectrometer with BaSO 4 as the internal reflectance standard. The surface elemental composition and bonding environment were evaluated using X-ray photoelectron spectroscopy (XPS) with an Axis Supra (Kratos, UK) system having an Al K α X-ray source. The BrunauerEmmett-Teller (BET) surface area was analyzed by the N 2 adsorption-desorption isotherms measured at 77 K on a BELSORP-max (Microtrac BEL Corp., Japan).
Synthesis of CNOs and ZnO tetrapods
CNOs were synthesized by adopting a previously developed, traditional wick pyrolysis technique using flaxseed oil as the precursor 35, 39, 40 . In particular, flaxseed oil was pyrolyzed in an earthen pot using a cotton wick under stable air conditions. The soot was collected over the surface of a clean inverted glass beaker from the top of the flame. Subsequently, 5 g of the as-synthesized soot was heated at 550°C for 1 h in a muffle furnace to remove amorphous carbon or unburnt oil. A size separation was performed to obtain uniformly distributed CNOs. After heating, the CNOs were dispersed in ethanol via sonication for 10 min and were filtered using a 0.2-µm-thick membrane filter. The obtained CNOs were hydrophobic in nature and could be dispersed in water or organic solvents via sonication. The micro-and nanoscale T-ZnO, as a scaffold material for the deposition of CNOs, was synthesized by adopting a recently introduced flame transport synthetic technique with further modification [41] [42] [43] . A simple Zn wire (99.9% purity, 12-15 g) was placed in a preheated furnace (950°C) in an inert atmosphere. Subsequently, pressured air was flowed through the furnace for rapid ZnO oxidation, leading to the synthesis of free-standing T-ZnO powder in gram-scale yields.
Synthesis of the hybrid T-ZnO-CNO 3D hybrid composite
An aqueous dispersion of CNOs was prepared via sonication at 25°C. The CNOs were mixed in water at a concentration of 1 mg mL −1 (30 mg CNOs in 30 mL water) and sonicated for 20 min, resulting in a black viscous solution without visible precipitation. Subsequently, 30 mg T-ZnO was added to the above-prepared solution and continuously stirred for 12 h under ambient conditions. The resultant suspension was filtered, repeatedly washed with water to remove excess CNOs and dried overnight at 80°C in an oven.
Photocatalytic degradation of DNP
The degradation of DNP in an aqueous solution was performed under ambient conditions to assess the photocatalytic activity of the T-ZnO-CNO under visible-light irradiation. In a typical experiment, 100 mg of the T-ZnO-CNO composite was dispersed in 50 mL of DNP solution (0.1 mM), and prior to irradiation, the solution was stirred in the dark for 40 min (to achieve adsorption-desorption equilibrium). This solution was irradiated using a 60 W tungsten bulb, and the distance between the liquid surface and the light source was fixed at 15 cm. Aliquots were collected at a fixed time interval (10 min) and centrifuged at 8000 rpm for 5 min to remove the residual particles. The residual concentration of DNP was monitored using a UV-visible spectrophotometer. The rate constant for the photodegradation of DNP can be expressed using the Langmuir-Hinshelwood equation (lnC/C0 = kt), where k is the reaction rate constant and C 0 and C represent the initial concentration and the concentration at time t, respectively 44 . The activity of the photocatalyst was evaluated based on the degradation rate of DNP.
Assessment of ecotoxicity with Cicer arietinum seed germination
The toxicity of the samples after DNP degradation was evaluated by monitoring growth inhibition in the seed germination of common gram (Cicer arietinum) 45, 46 . Common gram plant seeds were placed under normal conditions in a dry and sterile place before germination. The surface sterility of the seeds was achieved by soaking them in a 10% sodium hypochlorite solution for 10 min, followed by washing with normal water, and the seeds were subsequently soaked in water for 1 day to promote germination before use 47 . One-day-old sprouted gram seeds were transferred into four Petri dishes lined with cotton containing either DI water, DNP solution, CNO solution, or the DNP solution photodegraded using the T-ZnO-CNO hybrid composite. These seeds were allowed to further germinate for 10 days, and their germination frequencies (seedling growth, root length, and shoot length) were analyzed after 7 days of germination.
Results and discussion
The fabrication strategy for the T-ZnO-CNO hybrid composite is demonstrated in Fig. 1a . Three-dimensional tetrapods were utilized as the backbone for the decoration of the CNOs. The high hydrophobicity and 3D architecture of T-ZnO facilitate the attachment of CNOs on the ZnO arms via hydrophobic-hydrophobic interactions. The difference between the surface energies of T-ZnO and CNOs, associated with the oxygen vacancies of T-ZnO and the surface defects of CNOs, is attributed to the long-range attractive interactions, leading to the functionalization of smaller CNOs on the flat side faces of T-ZnO 48, 49 . The high degree of overlap between the hydrophobic regions of T-ZnO and CNOs, owing to different shapes, surface defects, and surface areas, leads to the stable attachments of CNOs on the surface of T-ZnO 48 . T-ZnO is not readily suspended in water, but the T-ZnO-CNO hybrid composite can be easily dispersed in water and remains stable overnight. The unreacted T-ZnO was removed from the solution based on differences in solubility. The decoration of CNOs on the surface of ZnO not only enhances the reactive sites for photocatalysis but also facilitates the recovery of the catalysts for practical applications.
Morphological studies of the T-ZnO-CNO hybrid composite
The morphologies of T-ZnO and the T-ZnO-CNO hybrid composite were observed using an SEM and are shown in Fig. S1 . The ZnO exhibits a 3D tetrapod-like morphology with a clear and smooth surface ( Fig. S1a and b) . The length of T-ZnO varies from 10 to 50 µm, and the tip and base diameters are~500 nm and 10 µm, respectively. The typical SEM image of the ZnO-CNO hybrid composite in The morphologies of the synthesized CNOs and the T-ZnO-CNO hybrid composite were characterized using TEM and HRTEM analysis. Spherical and well-dispersed CNOs are observed in the low-resolution TEM image (Fig. 1b) . The size distribution pattern, as evaluated statistically (Fig. 1c) , demonstrates that the CNOs exhibit a relatively narrow size distribution in the range of 5-20 nm, while most of the CNOs are 10-15 nm in diameter. The crystallinity of the CNOs is revealed by the HRTEM image (Fig. 1d) , which displays the multiple layers of concentric nanographene shells with a well-defined spherical shape. The low-resolution TEM image of the T-ZnO-CNO hybrid composite shown in Fig. 1e confirms that the CNOs were deposited on the surface of T-ZnO. The HRTEM images confirm the high crystallinity of the TZnO-CNO hybrid composite and reveal the attachment of CNOs with concentric graphene layers on the surface and tip of T-ZnO, as marked by white circles (Fig. 1f, g ). The distinct lattice fringes observed at 0.28 nm and 0. 36 nm are consistent with the ZnO (100) 17 and CNOs (002) facets, respectively (Fig. 1g) . The HRTEM results further demonstrate that CNOs are anchored on the surface of T-ZnO, and such a composite structure can utilize the interface between the CNOs and T-ZnO to enhance the photocatalytic performance.
The FTIR spectra of the CNOs, T-ZnO, and T-ZnO-CNO hybrid composite are shown in Fig. 2a-c . The FTIR spectrum of the CNOs exhibits the characteristic peaks of graphitic carbon. The doublet at~2922 cm −1 , strong peak at~1633 cm −1 , medium band at~1084 cm −1 , and broad band at~533 cm −1 are attributed to alkyl C-H stretching, C=C stretching, C-C stretching, and =C−H bending vibrations, respectively 37, 50 . The broad peak centered at 3449 cm −1 is attributed to the surface hydroxyl functional groups and chemisorbed water 35, 51 . The FTIR spectrum of T-ZnO exhibits a characteristic broad peak centered at 3449 cm −1 owing to O-H stretching vibrations (Fig. 2b) 5 . The strong peak at 503 cm −1 is attributed to Zn-O stretching vibrations 5 . The FTIR spectrum of the T-ZnO-CNO hybrid composite (Fig. 2c) presents most of the characteristic peaks of the CNOs and ZnO with some shifts in the peak positions attributed to the strong interface between the CNOs and T-ZnO. These peaks include O-H (broad band), -C-H (doublet), C=C (strong), C-C stretching, =C−H bending, and Zn-O stretching vibrations at~3438 cm −1 ,~2932 cm −1 ,~1622 cm 15, 53 . The high peak intensity indicates the fabrication of pure T-ZnO with good crystallinity. After the decoration of CNOs, two new diffraction peaks at 25°and 43°are observed, as shown in Fig. 2f . Moreover, all the characteristic diffraction peaks of T-ZnO in the T-ZnO-CNOs composite are the same as those of T-ZnO, without other detectable impurity phases, indicating the high phase purity of the composite.
The XPS analysis was employed to characterize the chemical composition of the synthesized materials. The XPS survey spectra of CNOs and the T-ZnO-CNO 3D hybrid composite are shown in Fig. S2a and Fig. 3a (Fig. S2b) 
35
. The deconvoluted O 1 s spectrum of the CNOs presents two peaks at 531.9 eV and 533.4 eV corresponding to C=O and C-O, respectively (Fig. S2c ) 35 . Figure 3a shows three distinct peaks indicating the existence of Zn, C, and O in the composite structure, thus, confirming the formation of the T-ZnO-CNO hybrid composite. The high-resolution C 1 s spectrum (Fig. 3b) shows four deconvoluted peaks at 284.4 eV, 285.3 eV, 286.9 eV, and 288.7 eV assigned to C=C, C-C, C-O, and C=O respectively 54 . The presence of C-O and C=O bonding peaks reveals the substantial decoration of CNOs on the surface of T-ZnO. The deconvoluted O 1 s spectrum shown in Fig. 3c indicates three peaks at 531.3 eV, 533.3 eV, and 535.5 eV. The peak at 531.3 corresponds to the presence of characteristic Zn-O species 54 . Whereas the peaks at 533.3 eV and 535.5 eV are assigned to C-O and COO − bonding states, respectively. The highresolution Zn 2p spectrum in Fig. 3d shows two symmetric peaks at 1022.3 eV and 1045.3 eV assigned to the Zn 2p 3/2 and Zn 2p 1/2, respectively 54 . The specific surface area was obtained by analyzing the N 2 adsorption-desorption isotherms of the T-ZnO-CNO hybrid composite. The specific surface area of the T-ZnO-CNO hybrid composite was calculated to bẽ 43 m 2 g −1 (Fig. S2d) .
UV-vis diffuse reflectance spectra
The optical properties of materials play a vital role in determining their photocatalytic activity. The UV-vis DRS were obtained to better understand the optical absorption properties of the CNOs, T-ZnO, and the T-ZnO-CNO hybrid composite. The DRS spectra of the CNOs, T-ZnO, and the T-ZnO-CNO hybrid composite are shown in Fig. 3e . The CNOs and T-ZnO exhibit distinct absorption bands at~505 nm and~357 nm, respectively, which confirm the strong absorptions of the CNOs in the visible region and ZnO in the UV region 38 . The charge transfer in T-ZnO from the valence band (O 2p orbitals) to the conduction band (Zn 4 s orbitals) is attributed to the intense absorption in the UV region 17 . In contrast to T-ZnO, the T-ZnO-CNO hybrid composite shows strong absorption over the entire visible region owing to the absorption of visible light by the CNOs. The charge density on specific C atoms induced by the surface Therefore, the decoration of CNOs on the surface of T-ZnO enhances the visible-light harvesting, which is a rather critical requirement for improving the photocatalytic performance. From the Tauc plots in Fig. 3f , the bandgaps of the CNOs, T-ZnO, and the T-ZnO -CNOs composite are observed to be 2.89 eV, 3.12 eV, and 2.62 eV, respectively, which are consistent with the results of earlier studies 38 . The bandgap of the T-ZnO -CNO hybrid composite is lower than that of T-ZnO, indicating the more efficient utilization of visible light and the generation of more photoexcited carriers, and in turn, leading to a higher photocatalytic activity. It can be concluded that the decoration of CNOs on the surface of T-ZnO can considerably enhance the optical absorption, which is demonstrated by the improved photocatalytic degradation experiment below.
Photocatalytic degradation of DNP
The photocatalytic performance of the as-synthesized T-ZnO-CNO hybrid composite was assessed through the degradation of DNP. The direct photolysis of DNP from the blank experiment under visible-light irradiation could almost be neglected; moreover, the presence of the CNOs do not induce photocatalytic degradation (Fig. 4a) . This indicates that the CNOs do not exhibit catalytic activity and that DNP is stable against visible-light-induced photolysis. The adsorption of DNP in the presence of the T-ZnO-CNO hybrid composite is negligible, as the degradation of DNP is not evident under the same experimental parameters in the absence of light, even after 140 min (Figs. 4a and S3c) . Likewise, no significant change in the concentration of DNP is obtained, after 140 min in the absence of light with the CNOs and T-ZnO (Fig. S3a, b) . In contrast, the concentration of DNP progressively decreases when irradiated with visible light (60 W tungsten lamp) in the presence of the T-ZnO-CNO hybrid composite. The intensity of the absorption peak at 358 nm decreases significantly with time and without a shift in the peak position (Fig. S3d) . The peak position remains the same throughout the photocatalytic experiment without the emergence of any new absorption bands, indicating that no other chromophoric molecule is generated as a byproduct 56 . The photodegradation efficiency of the T-ZnO-CNO hybrid composite is improved by~92% over those of T-ZnO and the CNOs (Fig. 4b) .
The rate constant of the T-ZnO-CNOs composite is~7 times higher (0.01834 min −1 ) than that of T-ZnO (0.00274 min −1 ) and is~36 times (0.0005 min −1 ) higher than that of the CNOs (Fig. 4b) . Table S1 compares the performances of the different materials in the degradation of DNP. The enhanced photocatalytic activity of the hybrid composite is attributed to the higher visible-light absorption, owing to the synergistic effect of the CNOs and T-ZnO, and the generation of diverse optically active centers. The strong interface between T-ZnO and the CNOs leads to the generation of a high density of surface traps for the effective absorption of reactive species and consequently enhances the active sites for catalysis 21 . The decoration of CNOs on the surface of T-ZnO is beneficial to increase the separation of photogenerated charge carriers 21 . Furthermore, the 3D morphology of T-ZnO augments the transport of photogenerated carriers owing to the presence of a direct electrical pathway. Moreover, the 3D morphology of ZnO increases the effective surface area and mass transfer of DNP.
A schematic of the possible photocatalytic mechanism of the T-ZnO-CNO hybrid composite under visible-light irradiation is presented in Fig. 4c . The DNP aqueous solution changes from light yellow to colorless, as observed in Fig. 4c . The overall steps involved in the photocatalytic degradation of DNP are shown in Fig. 4d . The CNOs can harvest visible light and act as photosensitizers owing to their strong absorption in the visible region. The CNOs and T-ZnO are activated by the absorption of visible light. Subsequently, the CNO electrons are quickly excited to the conduction band by the absorbed photons, and electron-hole pairs are generated (Eq. 1). The photoexcited electrons of the CNOs are rapidly transferred to the conduction band of T-ZnO (Eq. 2) and further captured by the surface-adsorbed oxygen to form superoxide radicals (
. Simultaneously, to maintain electroneutrality, the photosensitized holes from T-ZnO are injected into the valence band of CNOs (Eq. 4). This process considerably retards the recombination of charge carriers and consequently enhances the photocatalytic activity. The photogenerated holes migrate to the surface of the photocatalyst and interact with the surface-adsorbed water molecules to generate hydroxyl radicals (·OH) 58 (Eq. 5) or directly oxidize DNP molecules to organic radicals (Eq. 6). At the same time, the ·O 2 − radicals generated by the surfaceadsorbed oxygen, along with ·OH, are mainly responsible for the decomposition of DNP (Eqs. 7 and 8). Aerial oxygen acts as an electron scavenger to decompose the DNP into small molecules. The coupling of T-ZnO and the CNOs effectively shortens the diffusion path of photogenerated electron-hole pairs, facilitating the favorable migration of charge carriers and photoinduced reactive oxygen species (ROS). The active sites, in the form of defects with unpaired electrons, significantly contribute to the activation of molecular oxygen via sequential electron transport to generate ROS. Furthermore, charge carrier separation and the generation of ROS, such as ·OH,
and singlet oxygen ( 1 O 2 ), largely impact the photocatalytic degradation of organic pollutants 59 . An efficient photocatalyst should promote the activation of molecular oxygen under visible-light irradiation to generate ROS and facilitate charge separation 60 . Active species trapping experiments were conducted for a deeper exploration of the major active radicals directly participating in the photodegradation of DNP and for an understanding of the photocatalytic mechanism of the T-ZnO-CNO hybrid composite. Three radical scavengers-Na 2-EDTA (h + scavenger), t-BA (·OH scavenger), and p-BZQ, ( − O 2 . scavenger) in varying concentrations (0.5 mM, 1 mM, 5 mM, and 10 mM)-were introduced into the current system to evaluate the different influences on the photodegradation process. The existence of all the scavengers significantly oppressed the photocatalytic activity of the T-ZnO-CNO hybrid composite and consequently the degradation of DNP, as shown in Fig. 5a -c. The degradation efficiencies decrease to~20%,~7%, and~15% in the presence of Na 2 -EDTA, p-BZQ, and t-BA, respectively, as shown in Fig. 5d . From the trapping experiments, it is revealed that the reactive oxygen species − O 2 . is the most active initiator of the photocatalytic degradation of DNP, while ·OH and h + are secondary reactive species. The enhanced photocatalytic efficiency of T-ZnO after decoration with the CNOs is attributed to the enhanced charge transfer and robust generation of ROS. Profiting from the structural advantage brought by the decoration of the CNOs on the surface of T-ZnO, a significant enhancement in surface traps for the adsorption of active species and DNP molecules is observed.
The regeneration of a photocatalyst is a necessary step towards commercial adaptation. The photocatalytic degradation of DNP using the T-ZnO-CNO hybrid composite was repeated seven times to confirm the recyclability and stability of the photocatalyst. The composite was recycled via centrifugation, washed with DI water, and subsequently dried at 80°C overnight. After five cycles, there is a slight decrease in the degradation of DNP, which might be derived from the loss of the T-ZnO-CNO hybrid composite (Fig. 5e) . Consequently, the good recyclability of the T-ZnO-CNOs composite renders it an effective visible-light photocatalyst for commercial applications. Additionally, the XRD pattern of the T-ZnOCNOs composite was analyzed before and after the photocatalytic experiments. Figure 5f shows that there is no apparent change in the diffraction peaks before and after the degradation of DNP, which reveals the stability of the composite material during the photocatalytic reactions.
Assessment of phytotoxicity
The impact of the DNP solution after photodegradation towards the ecological assessment was analyzed to evaluate the possible use of the post-treated samples. Moreover, this practice can achieve the safer reuse of treated water. The phytotoxicity of the DNP solution before and after treatment with the photocatalyst along with a blank sample is demonstrated in Fig. 6a . To compare the effect Fig. 5 Evoluation of photocatalytic efficiency of T-ZnO-CNO hybrid composite. Photocatalytic degradation efficiency of the T-ZnO-CNO hybrid composite towards DNP in the presence of different scavengers under visible-light irradiation: a Na 2 -EDTA for holes, b p-BZQ for superoxide radicals, and c t-BA for hydroxyl radicals. d A comparison of the influence of the different scavengers. e Photocatalytic performance of T-ZnO-CNO hybrid composite during the 7 cycles of regeneration. f The XRD spectrum of the T-ZnO-CNO hybrid composite after the photocatalytic degradation of DNP of the DNP solution, before and after the photocatalytic degradation, on the germination and growth of the roots and shoots of gram plants, four different sets of seeds were used: The first set of seeds were germinated in DI water (control); the DNP solution was used for the germination of the second set of seeds; in the third set, the DNP solution after degradation using T-ZnO was used for the germination of seeds; and the DNP solution after photodegradation with the T-ZnO-CNO hybrid composite was used for the germination of the fourth set of seeds. The root lengths, shoot lengths, and germination rates were monitored after the seventh day of germination. The DNP solution before degradation results in the strong inhibition of the germination of common gram seeds, indicating the highly toxic nature of DNP (Fig. 6a2) . The DNP solution treated with only T-ZnO also inhibits seed germination in contrast to the seeds of the control set (Fig. 6a1, a3) , indicating the phytotoxicity of the solution owing to incomplete degradation of DNP. The DNP solution treated with the T-ZnO-CNO hybrid composite under visible-light irradiation does not have any adverse effects on the seed germination, reflecting the nontoxicity of the treated water (Fig. 6a4) . Significantly, a slight increase in the germination rate (99%) is observed for the solution treated with the T-ZnO-CNO hybrid composite compared with that of the control (98%), as shown in Fig. 6b . Furthermore, the germination rate for the T-ZnO-treated water (70%) is higher than that of the DNP solution (46%) (Fig. 6b) . These results reveal that the T-ZnO-CNO hybrid composite can efficiently degrade the DNP into nontoxic products.
We observe an enhancement in the shoot lengths of the gram plants treated with the DNP solution after photocatalytic degradation by the T-ZnO-CNO hybrid composite compared with those of the control, whereas no apparent change in the root lengths is observed (Fig. 6c) . The seedling length suppression is prominent for both the DNP solution and the T-ZnO-treated DNP solution, as shown in Fig. 6c . The results suggest the ecological safety of the T-ZnO-CNO hybrid composite for the photocatalytic degradation of pollutants.
Conclusions
A visible-light-sensitive hybrid composite of T-ZnO and CNOs was fabricated via a facile one-step process, which offers easy accessibility of the characteristic features of both constituents. The inherent properties of T-ZnO and the CNOs complement each other and consequently lead to enhanced photocatalytic properties, even in the visible region. The T-ZnO-CNO hybrid composite exhibits an augmented photocatalytic degradation of DNP under visible-light irradiation, achieving a degradation of 92% within 140 min. The increased photocatalytic activity could be attributed to the considerable enhancement in the visible-light absorption owing to the synergistic effect of CNOs sensitization and the construction of a heterojunction structure with a unique tetrapod morphology, leading to a high charge-separation efficiency. A plausible photocatalysis mechanism is proposed based on trapping tests and bandgap measurements. Moreover, the DNP solution treated with the T-ZnO-CNO hybrid composite under visible-light irradiation is nontoxic to plants, indicating the ecological safety of the material. The T-ZnO-CNO composite can provide insights into the design of advanced materials and technologies.
